Regulation of organogenesis involves a dynamic balance of the mechanisms regulating cell division, dierentiation and death. Here we have investigated the pattern of expression of c-Raf kinase in the inner ear during early developmental stages and the consequences of manipulating c-Raf levels by misexpression of c-raf viral vectors in organotypic cultures of otic vesicle explants. We found that otic vesicles expressed c-Raf and its level remained constant during embryonic days 2 and 3 (E2-E3). c-Raf activity was increased in response to insulin like growth factor-I (IGF-I) and the activation by IGF-I of the c-Raf kinase pathway was a requirement to turn on cell proliferation in the otic vesicle. Overexpression of c-raf in E2.5 explants increased the proliferative response to low serum and IGF-I and blocked dierentiation induced by retinoic acid. The increase in c-Raf levels also prevented nerve growth factor (NGF)-dependent induction of programmed cell death. Consistent with these results, the expression of a dominant negative c-Raf mutant potentiated retinoic acid action and decreased the rate of cell proliferation. We conclude that a strict control of c-Raf levels is essential for the co-ordination of the biological processes that operate simultaneously during early inner ear development.
Introduction c-Raf (c-Raf-1) is a cytoplasmic protein serine/ threonine kinase involved in signal transduction from the plasma membrane to the nucleus (Mark and Rapp, 1984; Daum et al., 1994; Naumann et al., 1997) . c-Raf has a key role in the response to many growth factors and stimulators of cellular proliferation (Magnuson et al., 1994; Alessi et al., 1994; and in cell transformation by oncogenes Cacace et al., 1996) . c-Raf regulates the mitogenactivated protein (MAP) kinase pathway by phosphorylating and activating MAP kinase kinase, which then phosphorylates and activates MAP kinase (Kyriakis et al., 1992; . There are three known active members of the Raf family of kinases: c-Raf, ARaf and B-Raf. A-Raf is expressed in urogenital and kidney tissues, with low levels in the brain. The expression of the B-Raf isoform is highest in the nervous system and testis whereas c-Raf is ubiquitously expressed, with high levels found in fetal brain (Storm et al., 1990) . c-Raf is a member of a small family of proteins that has been highly conserved during evolution from Drosophila to mammals. In avian cells there is an homologue of c-raf termed c-mil (Jansen et al., 1984; Koenen et al., 1988) . Raf proteins are necessary for vulval development in Caenorhabditis elegans (Georgi et al., 1990; Han et al., 1993) , R7 photoreceptor formation in Drosophila melanogaster (Perrimon and Desplan, 1994; Brunner et al., 1994; Wassarman et al., 1996) and mesoderm induction in Xenopus laevis (MacNicol et al., 1995; Xu et al., 1996) . Transgenic chimeric c-Raf-de®cient mice show growth retardation (Naumann et al., 1997) and B-Raf-de®cient mice die in utero and display defects in endothelial cell dierentiation and survival (Wojnowski et al., 1997) . Hence, it has been proposed that Raf kinases are essential for growth and development (Daum et al., 1994; Naumann et al., 1997) , but the detailed functional role of c-Raf kinase in early organogenesis remains to be investigated.
The vertebrate inner ear develops from the embryonic otic vesicle. At early stages of development, a patch of the head ectoderm thickens and forms the otic placode. The otic placode then invaginates and deepens to form a pear-shaped structure, the otic vesicle or otocyst. This is a transient structure that undergoes a distinct period of intense cell proliferation (stages 18 ± 20, Hamburger and Hamilton, 1951) which precedes the dierentiation of the various cell types and compartments that will conform the adult inner ear (Bissonnette and Fekete, 1996) . The neurons of the cochleovestibular ganglion (CVG) originate at the ventral aspect of the otic vesicle where they organize, become postmitotic and then dierentiate (Hemond and Morest, 1991) .
The early development of the chicken inner ear can be reproduced in vitro and it is a well characterised model for studying early organogenesis in the sensory organs and nervous system (Bissonnette and Fekete, 1996; Torres and Giraldez, 1998) . The basic molecules responsible for normal ontogenesis of the inner ear have started to be unravelled by complementary in vivo and in vitro studies. Organotypic cultures of otic vesicle explants have been the preferred approach to dissect which growth factors and intracellular mediators play physiological roles during inner ear development. IGF-I, NGF and retinoic acid are among the best characterized signals. NGF induces apoptosis in speci®c areas of the otocyst epithelium and in the CVG (Frago et al., 1998) through its low anity p75 receptor which is expressed in the inner ear (von Bartheld et al., 1991) . Retinoic acid causes growth arrest and cell dierentiation (LeoÂ n et al., 1995a; Lee and Cotanche, 1996) and IGF-I is a potent growth promoting and survival factor for the otic vesicle (LeoÂ n et al., 1995b; Frago et al., 1998) . IGF-I and its high anity tyrosine kinase receptor are expressed during the proliferative period of otocyst development (LeoÂ n et al., 1995b) . Although the cellular actions of IGF-I and NGF in the otic vesicle are beginning to be understood, the signalling pathways they trigger still remain largely unknown. In this context, viral vectors can be used to deliver both wild type and dominant negative mutant genes to analyse the functional consequences of overexpression (Hughes et al., 1987; Federspiel and Hughes, 1997) . Therefore, ectopic expression of developmentally important genes by means of retroviral vectors can provide unique information on their functional roles during inner ear development (Federspiel and Hughes, 1997; Fekete et al., 1997) .
Herein we show that the levels of c-Raf kinase are maintained during the early proliferative stages of the otocyst formation and that IGF-I modulated the Raf/ MAP kinase pathway in organotypic cultures. c-Raf kinase activation was essential for otic vesicle proliferation. We further explored the role and importance of c-Raf kinase by misexpressing both craf and a dominant negative c-raf mutant (Raf-C4) cDNA by means of RCAS retroviral vectors. To this end, we set up the procedure to misexpress genes in organotypic cultures of otic vesicles. This has allowed us to show that an increase in c-Raf levels enhanced the proliferative response to low-doses of mitogens, limited dierentiation induced by retinoic acid and blocked NGF induction of apoptosis. Conversely, blockade of endogenous c-Raf kinase activity by overexpression of Raf-C4 potentiated retinoic acid eects and counteracted IGF-I action. We propose that a strict control of the levels of c-Raf kinase is essential for the normal progression of inner ear development, thus allowing the system to balance the main biological processes of cell growth, morphogenesis and apoptosis.
Results

c-Raf kinase pattern of expression and modulation of activity
We studied c-Raf protein levels in otic vesicles between embryonic stages 17 and 20 (E2 and E3), the proliferative period of the otic vesicle. Figure 1a shows that there was an endogenous expression of cRaf with no signi®cant changes in c-Raf levels during this period. The presence of c-raf transcripts in the in explanted otic vesicles. For Western blotting of phosphorylated MAP kinase, otic vesicles were dissected at stage 18 and cultured without additives (0S) or in the presence of IGF-I (1 nM) for 15 min, either with or without PD098059 (2 mM) or geldanamycin (0.5 mM). Explants were pre-treated for 5 h with the dierent inhibitors epithelium of the otocyst was studied by in situ hybridization. Figure 1b shows that c-raf mRNA was distributed homogeneously in the otic vesicle at stage 18 (E2.5). The lack of variation in Raf levels was in accordance with the observations that Raf is regulated at the kinase activity level in most cell contexts (Morrison, 1995) . MAP kinase is downstream Raf kinase activation, both kinases function in a cascade that plays a critical role in the regulation of cell growth and dierentiation . In this regard, the degree of phosphorylation of MAP kinase is considered an index of Raf activity. We explored MAP kinase phosphorylation by Western blot analysis (Figure 1c) . IGF-I increased MAP kinase phosphorylation threefold over control explants, when explants from stage 18 were incubated with 1 nM IGF-I. The observation that MAP kinase was activated did not necessarily prove the functional role of MAP kinase in that process. To further con®rm that activation of the c-Raf kinase pathway was involved in the cellular response to IGF-I, we used the inhibitors PD098059 and geldanamycin. PD098059 blocks the c-Raf activation of MAP kinase (Coolican et al., 1997) , and geldanamycin selectively promotes c-Raf protein degradation (Schulte et al., 1996) . Both PD098059 (2 mM) and geldanamycin (0.5 mM) blocked IGF-I eects on MAP kinase activation ( Figure 1c ) and cell proliferation (not shown). PD098059 reduced phosphorylated MAP kinase levels to basal and geldanamycin had a similar eect. The eect of geldanamycin treatment and that of IGF-I on c-Raf protein levels were checked. Geldanamycin treatment decreased cRaf protein levels whereas IGF-I per se did not induce any change in c-Raf expression (not shown). These results con®rm that the activation of the c-Raf/MAP kinase pathway is a necessary step in the cellular response to IGF-I.
Generation and characterization of RCAS raf viruses
To further study the role of c-Raf during inner ear development, we overexpressed in explanted otic vesicles c-raf as well as a cDNA coding for a dominant-negative c-raf mutant, Raf-C4. Raf-C4 lacks the kinase domain (Bruder et al., 1992) . Both cDNAs were cloned in a replication competent retroviral avian RCAS vector (envelope subgroup A) (Hughes et al., 1987; Petropoulos and Hughes, 1991) , and used to generate RCAS-infected chicken embryo ®broblasts (CEF) (Cepko, 1992) . Figure 2a shows a Western blot analysis of proteins p74 c-Raf, p30 Raf-C4 and the viral capsid p27 (Stewart et al., 1990) . The increase observed in c-Raf levels varied from 4 ± 7-fold with respect to uninfected cells or CEF infected with RCAS ( Figure 2b ). The next step was to study the consequences of the overexpression of these genes in CEF. IGF-I and phorbol esters are two well known eectors of c-Raf kinase in a variety of cell systems (Bruder et al., 1992; Chao et al., 1994) . Figure 2b shows that CEF cells that overexpress c-raf exhibited increased levels of MAP kinase phosphorylation in response to IGF-I or phorbol ester PMA. Incubation of overexpressed cRaf-CEF with the MAP kinase inhibitor PD098059 blocked IGF-I-induced phosphorylation of MAP kinase by 70% (Figure 2b ). These results indicate that CEF cells overexpress a functional c-Raf kinase and that the c-Raf levels in CEF are limiting for the transduction of the extracellular stimuli.
Misexpression of Raf in the otic vesicle
To achieve misexpression of c-Raf in explanted otic vesicles we developed the experimental approach illustrated in Figure 3a . CEF were transfected with the various cDNAs and after the ®rst cycle of infection had occurred, the infected cells started to export viral particles to the cell culture medium. Culture supernatants were collected, concentrated by centrifugation, resuspended in a small volume and used for the next step. Otic vesicle explants were then co-cultured with CEF producing viruses seeded in inserts in 2% foetal bovine serum (FBS) containing 10 ml of the concentrated virus stock. This allowed rapid viral infection of the explants without direct contact with CEF. After 24 h explanted otic vesicles were already infected and the inserts were removed. The explants were then incubated with the dierent factors for the times indicated. Infection was monitored by Western blotting (Figure 3b ) or immunostaining for the retroviral p27 protein (not shown). Under these conditions, the average increase of c-Raf levels in the otic vesicles was threefold in 23 explants out of 32, as measured by Western blotting (Figure 3c ). The biological assays used to investigate c-Raf misexpression in organotypic cultures of otic vesicles included measurement of cell growth rate by following expression of the proliferating cell nuclear antigen (PCNA) and morphometrical analysis as described by LeoÂ n et al., (1998) . Otic vesicles were dissected from stage 18 chicken embryos and cultured under dierent conditions for 24 h. In the presence of 2% FBS, the otic vesicles which misexpressed c-raf increased in size when compared to control explants kept in the same culture conditions with uninfected CEF (Figure 4 and Table 1 ). Similar results were obtained regarding the levels of PCNA in the explants (Figure 4 , lower row). FBS is rich in IGF-I binding proteins that can trap IGF-I and mask the expected eects (Spagnoli and Rosenfeld, 1997) . To avoid this, we used a modi®ed factor, a long-IGF-I that has low anity for the binding proteins. Incubation with 1 nM long-IGF-I induced a further increase in the otocyst size (Table 1 ). The otic vesicles that overexpressed the dominant negative c-Raf mutant (RCAS/DRAF) did not change in size in response to the stimuli and maintained a similar aspect to that of control otic vesicles (0S, 0 h) ( Figure 4 and Table 1 ). Neither the co-culture with Table 1 ).
The increase in size observed in c-Raf-overexpressing otic vesicles (RCAS/RAF) was, however, not accompanied by the typical morphological changes observed in explants incubated with either serum or IGF-I (LeoÂ n et al., 1995b). We decided to test whether misexpression of c-Raf was aecting morphogenesis and cell dierentiation induced by retinoic acid. After incubation of explanted otic vesicles with retinoic acid, PCNA levels decreased (Figure 5a ). PCNA is a marker for proliferating cells whose expression is developmentally regulated in vivo and induced by IGF-I in vitro Frago et al., 1998) . Retinoic acid promotes cell dierentiation and downregulates Fos levels in the otic vesicle (Represa et al., 1990; LeoÂ n et al., 1995a) . Here we show that retinoic acid also aects cell cycle progression by decreasing PCNA levels. Overexpression of c-Raf blocked retinoic acid-induced morphological changes (not shown) and downregulation of PCNA expression (Figure 5b, dashed bars) . Incubation of explanted otic vesicles with 50 nM retinoic acid in the presence of 2% FBS induced 47% decrease in PCNA levels, whereas in otic vesicles overexpressing cRaf it was only reduced 22%, with respect to the corresponding maximum PCNA levels. On the contrary, overexpression of the dominant negative Raf mutant potentiated the retinoic acid eect, thus decreasing 56% the PCNA levels (Figure 5b , black bars). These results indicate that c-Raf is involved in the cellular response to retinoic acid and suggest that c- Figure 4 c-Raf overexpression in the otic vesicle potentiates cell growth. Otic vesicles were isolated at stage 18 (0S) and incubated for 24 h in 2% FBS culture medium in the presence of inserts seeded with control CEF cells (CT), CEF producing RCAS/AP, RCAS/RAF or RCAS/DRAF virus, before performing either morphometric analysis (see Table 1 ) or quanti®cation of PCNA levels. Calibration bar, 130 mm. Photographs are representative of at least 10 independent experiments performed in triplicate Figure 5 Retinoic acid eects are modulated by c-Raf levels. (a) Eects of retinoic acid on PCNA levels in explanted otic vesicles. Otic vesicles were explanted from stage 18 chick embryos and co-cultured for 24 h with control CEF cells in 2% FBS. Then, CEF were removed and the explants incubated for 16 h with 2% FBS in the presence of increasing doses of retinoic acid. Lysates were analysed by SDS ± PAGE and Western blotting. Speci®c PCNA bands were quanti®ed by densitometry. (b) Otic vesicles were explanted and co-cultured with control CEF cells (white bars) or CEF producing either RCAS/RAF (dashed bars) or RCAS/DRAF virus (black bars) for 24 h. CEF-containing inserts were then removed and the explants cultured for a further period of 16 h in the presence of the retinoic acid doses indicated. PCNA levels were measured as above. Results in a and b are expressed relative to the 2% FBS (100) value and are given as mean+s.e.m. of at least four dierent experiments performed in triplicate (6) Explanted otic vesicles were cultured in 2% FBS for 24 h in the absence (7) or presence of CEF-producing RCAS, RCAS/RAF or RCAS/DRAF viruses. CEF inserts were then removed and the explants were incubated with culture medium without serum (0S), IGF-I (1 nM) or NGF (4 nM) for 16 h. Soluble nucleosomes were quanti®ed in single otic vesicle explants. For each experimental condition the absorbance obtained with otic vesicles cultured in the absence of additives was given a value of 100. Results are given as mean+s.e.m. of (n); n, total number of explants tested in at least three dierent experiments. Statistical signi®cance is as follows: *P50.05 and **P50.001 vs RCAS Raf levels may contribute in the otocyst to cell commitment to enter the cell cycle and proliferate, or else to exit and dierentiate.
IGF-I is also a cell survival factor for the otic vesicle and the CVG. On the other hand NGF induces apoptosis mediated by the p75 neurotrophin receptor in speci®c areas of the otocyst (Frago et al., 1998) . After incubation with NGF, only cells expressing p75 receptors enter apoptosis. A key biochemical event in apoptosis is nuclear DNA fragmentation, which can be detected by ELISA immunoassay. Using this approach, we tested the consequences of overexpressing c-Raf and Raf-C4 in the explanted otic vesicles. The results are summarized in Table 2 . Otic vesicles were cultured or co-cultured with RCAS virus producing-CEF. Compared with control otic vesicles, co-culture in the presence of low serum produced a small basal eect. In otic vesicles overexpressing c-Raf, IGF-I survival eects were higher and NGF-induced cell death was completely abolished. Explants expressing the dominant negative Raf-C4 exhibited cellular responses similar to those seen in control cultures. Hence, competing c-Raf kinase is not sucient to trigger apoptosis in the population of cells that do not express p75 low anity NGF receptors.
Discussion
There are three main processes which are fundamental for organogenesis: cell proliferation, cell dierentiation and programmed cell death. Cell division and apoptosis are responsible for generating the appropriate number of cells that form an organ and cell dierentiation accounts for the specialisation of the surviving cells. As such, these pathways must be coordinately regulated for normal development to occur. Proto-oncogenes that lie upstream the MAP kinase pathway are important regulators of cell growth and dierentiation in a variety of cell types. c-Raf kinase participates in this signal transduction network that transmits proliferative messages from the cell membrane to the nucleus (Magnuson et al., 1994; Daum et al., 1994; . Increased c-Raf kinase activity is associated with an increase in the phosphorylation degree of MAP kinase during the cellular response to various mitogenic and survival agents, including IGF-I (Alessi et al., 1994; Chao et al., 1994; . In the present work, we show that during the early organogenesis of the inner ear c-Raf kinase expression is maintained, suggesting that c-Raf is required for the intense mitotic activity reported during this period. During this stage and also later in development, IGF-I is a key factor for the regulation of cell proliferation and survival in the otic vesicle (LeoÂ n et al., 1995b Oesterle et al., 1997; Zheng et al., 1997; Frago et al., 1998) . Furthermore, a partial deletion in both copies of the Igf-I gene is associated with sensorineural deafness in humans (Woods et al., 1996) . Our data indicate that the c-Raf/MAP kinase pathway is activated during the proliferative response to IGF-I, for which response c-Raf is essential.
To further analyse the importance of keeping c-Raf levels tightly regulated during this period, we developed methods to alter the protein dosage in organotypic cultures of otic vesicles. RCAS vectors have been used in the past to misexpress genes in the inner ear (Kiernan and Fekete, 1997; Fekete et al., 1997) but the procedures described did not allow strong infection or the study of responses to extracellular stimuli such as IGF-I, NGF or retinoic acid. In contrast, our cocultures of infected CEF cells with otic vesicles did allow a detailed analysis of events in a short time. Overexpression of c-Raf caused an increased cellular proliferation in response to low serum and IGF-I. On the contrary, overexpression of a dominant negative cRaf mutant protein impaired these eects. These data suggest that c-Raf kinase is a rate limiting step in the MAP kinase cascade following growth factor estimulation of the otic vesicle. Typically, modulation of c-Raf kinase is achieved by controlling its degree of phosphorylation (Chao et al., 1994; Morrison, 1995; Cacace et al., 1996) . However, our data indicate that cRaf levels may be limiting and that precise modulation of c-Raf kinase levels contribute to control cellular responses. The abundance of c-Raf protein is also tightly regulated during early Xenopus development (MacNicol et al., 1995) . Taken together, these results suggest that this might be a general mechanism operating during development to control the extent of cellular proliferation. Moreover, treatment of otic vesicles with retinoic acid induces dierentiation of the otic epithelia, concomitantly with a reduction in growth rate (LeoÂ n et al., 1995a). c-Raf overexpression was accompanied by a remarkable decrease in the response to retinoic acid which was evaluated as the increase in PCNA levels in parallel with the morphological analysis. By competing c-Raf kinase activity with a dominant negative c-Raf mutant, we have observed that c-Raf potentiates retinoic acid action by shifting the pro®le of the dose response curve. The otic ephitelium is morphologically homogeneous but has regional and cell fate speci®ty which is determined by the asymmetric expression of several genes (reviewed by Fekete, 1996; Torres and Giraldez, 1998) . Our data indicate that the dosage of a given gene may introduce another level of regulation.
A potential role for the c-Raf/MAP kinase pathway in the regulation of apoptosis has been proposed on the basis of data obtained in a number of cell types as well mice lacking c-raf or B-raf genes (reviewed by Pritchard and McMahon, 1997) . Programmed cell death at early developmental stages in the nervous system is essential for tissue morphogenesis and neurogenesis (Ra et al., 1993; Weil et al., 1997) . NGF can have both pro-and anti-apoptotic actions, depending on the set of receptors expressed in the target cell (reviewed in Bergeron and Yuan, 1998) . In the inner ear, NGF-induced apoptosis has been proposed to play a role in maintaining the number of neuronal precursors and in the formation of the endolymphatic duct (Frago et al., 1998) . Overexpression of c-Raf causes a profound alteration in the response to NGF. An increase in c-Raf levels suppresses NGF induction of apoptosis and potentiates IGF-I actions as a survival factor. These results con®rm the importance of maintaining c-Raf levels in the otic vesicle during E2-3 since their unbalance would alter early morphogenesis by increasing the total cell number. Furthermore, the data presented here con®rms a role for c-Raf in the suppression of apoptosis and would suggest that modulation of c-Raf levels contributes to gain speci®city in the response to a given growth factor or to the local combination of extracellular stimuli that encounter a developing cell.
In conclusion, our results indicate that avian retroviruses are a useful tool to dissect the role of key signalling proteins in the response to extracellular factors during embryonic development, and that c-Raf kinase has a critical role in the integration of mechanisms that regulate cellular proliferation, differentiation and apoptosis during the organogenesis of the inner ear.
Materials and methods
Construction of viral vectors and production of viral stocks
RCAS is a replication-competent retroviral vector derived of Rous sarcoma virus (Hughes et al., 1987) . It contains a ClaI site for cloning of exogenous genes. RCAS envelope subgroup A vector and RCAS containing the human phosphatase alkaline cDNA (RCAS/AP) were the generous gift of Dr S Hughes (National Cancer InstituteFrederick, MD, USA). In order to clone c-raf and Raf-C4 cDNAs into RCAS, c-raf and Raf-C4 were subcloned into the PAJ10 adapter plasmid to obtain ClaI ends. PAJ10 is a Bluescript plasmid containing a multicloning adapter anked by ClaI sites that was a kind gift of Dr D Martin Zanca (CSIC, Salamanca, Spain), c-raf was cleaved from Elneo c-raf (Heidecker et al., 1990) by EcoRI-ApaI digestion and inserted into PAJ10 (PAJ10/RAF). Then craf was removed from PAJ10 by digestion with ClaI and inserted into RCAS at the ClaI site (RCAS/RAF). RCAS clones containing the raf inserts in the sense orientation were identi®ed and isolated. RSV-C4 encodes a dominant negative Raf protein (Raf-C4) (Bruder et al., 1992) . The XhoI ± XbaI fragment was isolated from this vector, subcloned into PAJ10 (PAJ10/DRAF) and cloned into RCAS as described above (RCAS/DRAF).
CEF were transfected with 10 mg of each plasmid containing the proviruses by calcium phosphate co-precipitation (Petropoulus et al., 1989) . Transfected cells were then passaged and expanded for 10 days in CEF culture medium; at the end of this period all cells were infected, as estimated by immunohistochemistry with anti-p27 antibody. Viral supernatants were collected and concentrated 100-fold by centrifugation (3 h 28 000 r.p.m.). The titer of the viral stock was determined as described by (Fekete and Cepko, 1993) . Titers were typically in the range 2 ± 3610 8 cfu/ml. Five viral preparations were used for these studies with similar results.
Otic vesicle isolation and cell culture
Chicken embryos were obtained from fertilized eggs (Granja RodrõÂ guez Serrano, Salamanca. Spain) that were incubated at 388C in humid atmosphere. The embryos were staged according to Hamburger and Hamilton criteria, (1951) . Embryos were removed from eggs and placed in 35-mm Petri dishes (NUNC, Roskilde, Denmark) containing phosphate buered saline. Otic vesicles were dissected from embryos corresponding to stage 18 using a dissection stereomicroscope and transferred into four-well culture plates (NUNC). The standard culture medium consisted of serum-free M199 medium with Earle's salts (Biowhitaker, Walkersville, MD, USA) supplemented with 2 mM glutamine (Biowhitaker), and antibiotics (penicillin, 50 IU/ml and streptomycin, 50 mg/ml) (Biochrom, Berlin, Germany). FBS was purchased from Biowhitaker. Incubations were carried out at 378C in a water-saturated atmosphere containing 5% CO 2 . Estimation of otocyst size was carried out by measuring ratios of surface area as described (Miner et al., 1988; LeoÂ n et al., 1995a LeoÂ n et al., , 1998 . Computer-generated photomicrographs were produced by scanning the obtained photos with a Studio ScanII (Agfa) using the programs Adobe Photoshop 2.5 and MacDraw Pro on Macintosh computers.
Line 0 CEF were prepared from 10 day chicken embryos (kind gift from Dr J Martin, IIB-CSIC, Madrid) and cultured as described (Hunter, 1979) . After infection, CEF were cultured with various mitogens as described in the text or used for the production of virus. When indicated, otic vesicles were dissected from chick embryos corresponding to stage 18 and cultured as described above. Explants and CEF cells producing virus were co-cultured at 378C and 5% CO 2 for the times indicated in the presence of 2% FBS plus 10 ml of concentrated viral stock. The degree of infection was estimated by Western blotting or immunocytochemistry with a polyclonal anti-p27 antibody (generous gift from Dr Volker M Vogt, Cornell University, NY, USA). The following controls were included for each block of experiments: coculture with uninfected CEF or with CEF producing RCAS or RCAS/AP virus. No clear eects were observed in any of the cases and therefore the control conditions are not shown in every experiment.
In some experiments NIH3T3 ®broblasts, either wild type or overexpressing c-raf, were used to prepare control protein extracts. NIH3T3 were subcultured as described (Heidecker et al., 1990) .
In situ hybridization
In situ hybridization was performed as described (LeoÂ n et al., 1998), using a digoxigenin-labelled RNA probe for craf. A single-stranded c-raf RNA probe was prepared by the transcription with T7 RNA polymerase of the linearized plasmid PAJ10/RAF with SalI (Promega, Southampton, UK). Control sense probes were prepared by linearising the plasmid with HindIII and transcribing with T3 RNA polymerase (Promega). For histological examination the embryos were hybridized and post-®xed in 4% paraformaldehyde, embedded in gelatine-albumin, and sectioned (60 mm) with a vibratome (Leica VT 1000 M, Heidelberg, Germany).
Immunoblotting and MAP kinase assay
For Western blotting, otic vesicle explants were homogenized in SDS±PAGE sample buer with 1 mM phenylmethylsulfonyl-¯uoride and then frozen immediately. Gels were loaded with equivalent amounts of proteins. Otic vesicle proteins were resolved using 10% SDS ± PAGE before being electrophoretically transferred onto PVDF membranes (Dupont-NEN, Boston, MA, USA). Filters were blocked with Tris-buered saline containing 5% (wt/vol) non-fat dried milk and incubated with the primary speci®c antibody. Filters were subsequently washed and incubated with the corresponding secondary antibody conjugated with peroxidase. Bound peroxidase activity was visualized by chemiluminiscence (Dupont-NEN) and quanti®ed by analysing scanned images of the Western blots using the program NIH Image 1.59 on Macintosh computers. The relative intensities of the corresponding bands were then compared. When indicated, cellular extracts of CEF were prepared using RIPA buer (10 mM Tris-HCl pH 8.0, 150 mM NaCl, 1% Triton X-100, 1% aprotinin, 250 mM phenylmethylsulfonyl¯uoride, 1 mM sodium¯uoride and 100 mM sodium orthovanadate) and analysed as above. Protein concentration was estimated by using the BCA protein assay (Pierce).
Rabbit polyclonal antibody to human c-Raf was from Upstate Biotechnology Incorporated (UBI, New York, USA). This antibody recognizes the highly conserved sequence corresponding to residues 380 ± 396 of the subdomain III of the 74 kDa human c-Raf kinase (Pelech et al., 1990) . Rabbit polyclonal antibody to Raf-C4 (antiBRaf#301) recognizes 17 residues in the carboxyl region of B-Raf (Bruder et al., 1992) . Mouse monoclonal to MAP kinase and rabbit polyclonal anti phosphospeci®c MAP kinase antibodies were from Zymed (San Francisco, CA, USA) and New England Biolabs (Beverly, MA, USA), respectively. These antibodies recognize the carboxyl terminus of MAP kinase and the tyrosine phosphorylated residues 196 ± 209 of human p44 MAP kinase, respectively. The proliferative cell nuclear antigen (PCNA) is a nuclear protein of 36 kDa associated with the cell cycle (Bravo and MacDonald-Bravo, 1987) . Levels of PCNA were taken as an index of cell proliferation. Mouse monoclonal anti-PCNA was from ATOM (ATOM, Barcelona, Spain). Secondary antibodies conjugated with peroxidase were purchased from Bio-Rad (Richmond, CA, USA).
For the MAP kinase assay, otic vesicles were stimulated for 15 min by addition of 1 nM IGF-I to the culture medium. Explants were immediately lysed in RIPA buer for Western blot processing. Levels of phosphorylated MAP kinase were measured and normalized with respect to total MAP kinase levels under each condition. PD098059 (2'-amino-3'-methoxyavone), a selective inhibitor of MAP kinase kinase (Coolican et al., 1997) , was purchased from Calbiochem (San Diego, CA, USA). Geldanamycin treatment selectively depletes c-Raf cellular contents, disrupting the c-Raf/MAP kinase signalling pathway (Schulte et al., 1996) . Geldanamycin (kind gift of Dr J Renart, IIB-CSIC, Madrid) was from the Developmental Therapeutics Program, National Cancer Institute, Bethesda, MD, USA. Retinoic acid was from Sigma (St. Louis, MS, USA), 2.5S mouse NGF was from UBI, recombinant human IGF-I from Boehringer Mannheim (Mannheim, Germany), and long-IGF-I from GroPep (Adelaide, Australia).
Cell death determination by immunoassay
Quanti®cation of cell death was performed by using the Cell Death Detection ELISA from Boehringer Mannheim based on the detection of histone-associated DNA fragments (mono-and oligo-nucleosomes) in the cells cytoplasm. Explanted otic vesicles were co-cultured with CEF infected with the dierent RCAS vectors for 24 h. The inserts were removed and the explants cultured for a further period of 16 h in the presence or absence of 1 nM IGF-I or 4 nM (100 ng/ml) NGF. Otic vesicles were homogenized and the cell extracts subjected to ELISA determination as indicated by the manufacturer and described (Frago et al., 1998) .
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